However, the reaction is not just a simple decomposition. In the highly ionized liquid melt, reversible proton transfer between ammonium cations and nitrate anions occurs. ,+ + ONO 2 -; 3 + HO.NO 2 Part of the ammonia and a lesser equivalent of nitric acid formed in this way escape into the gas phase where recombination occurs and ammonium nitrate condenses as a sublimate (or a concentrated solution) in the cooler parts of the system. The ammonia and nitric acid remaining in the now slightly acidic melt undergo oxidativereductive interaction to form chemical species which initiate a series of reactions leading mainly to nitrous oxide with relatively small amounts of nitric oxide (NO), nitrogen dioxide (NO 2 ) and nitrogen (N 5 ) .
No systematic mechanistic study of the formation of nitrous oxide in molten ammonium nitrate has been made. However, it is widely held that the gas arises from decomposition of nitramide (O 2 N.NH 2 ) which is assumed to be formed by interaction of the nitronium cation (NO 3 +) with ammonia (Barclay, Crewe and Smith, 1963; Friedman and Bigeleisen, 1950; Wood and Wise, 1955 
REMOVAL OF CONTAMINANTS FROM NITROUS OXIDE
Current practice for removing NO, NO 3 and N 2 from nitrous oxide varies. One process (see Appendix I) combines a series of gas washings with a crude fractionation of the liquefied gas. The raw gas is successively scrubbed, (i) with water, which removes residual ammonia and nitric acid, and most of the NO,; (ii) with alkaline permanganate, which removes the remainder of the NO a and NO; (iii) with acid which completes the removal of ammonia and any entrained alkali.
The scrubbed gas is compressed, dried and liquefied. Crude fractionation then allows nitrogen and NO to "blow off". The gas is further compressed, again passed through a drier, after which it is again liquefied and run into evacuated cylinders.
In another purification process (see Appendix II) the gas is scrubbed with alkali and then passed through beds of finely divided moist iron, which "removes" NO by converting it into nitrous oxide. An acid wash is then followed by a water wash after which the gas is dried using lump caustic soda. The gas is compressed and further "scavenged" by passing successively through another tower packed with finely divided iron and two towers packed with lump caustic soda. The compressed gas is then liquefied by cooling.
Although thermal decomposition of pure molten ammonium nitrate occurs smoothly up to 260-270 °C, the decomposition becomes explosively vigorous above 290 °C when greatly increased proportions of NO, NO 3 and N 3 are formed with the N 3 O. Strict precautions are, therefore, normally taken during manufacture to guard against overheating. The purification procedure should, however, be capable of dealing with occasional surges of contaminated gas.
Impurities other than those cited above are unlikely to be present in the gas. Chlorine would be removed by the alkaline wash but is not likely to be present given the ready availability of high grade synthetic ammonium nitrate and the recognition that chlorine-free water should be used for making the hot concentrated aqueous solution if this is the form in which the ammonium nitrate is handled.
Carbon monoxide (CO) should be absent. But its presence has caused concern and recently it was incriminated as the likely cause of a fatality following nitrous oxide anaesthesia (Simona, 1959) . Its presence could arise by foreign matter of an organic origin being introduced into the reactor where it would be oxidized by the free nitric acid in the hot melt to carbon monoxide and carbon dioxide. Such contamination could originate, for example, in cellulose fibres from paper sacks, where this mode of handling ammonium nitrate is employed.
COMPOSITION OF EFFLUENT GAS FROM CYLINDERS CONTAINING LIQUID NITROUS OXIDE CONTAMINATED WITH NO AND NO 3
Any NO that passes through the purification train will, on reaching the cylinder, be dissolved under pressure in liquid nitrous oxide. The use for anaesthetic purposes of a cylinder contaminated in this way can be extremely dangerous. Owing to the greater volatility of NO compared with N 3 O, the first gas to leave a cylinder contaminated with NO will be much richer in NO than the liquid in the cylinder. Based on extrapolated values of the vapour pressures of and N 3 O (b.p. -88.5°C) which show that NO is approximately 30 times more volatile than N 3 O at 20°, calculations indicate that a 0.1 per cent (1 g/kg) solution of NO in liquid N S O will give off initially a gas containing 3 per cent NO. The composition of the evolved gas and the composition of the liquid in the cylinder will vary continuously during use of the cylinder and the changes can be calculated.
The escaping tendency of a substance from a liquid is directly proportional to the partial vapour pressure of that substance. Now, if A and B be the number of moles of NO and N.O in the liquid phase in the cylinder and a differential amount of the liquid is vaporized, then the decrease in the amount of A, (-dA), and the decrease in the amount of B, (-dB) On integration and rearrangement,
where A^ is the number of moles of NO in the liquid phase at the beginning of a period of gas take-off, A, the number of moles at the end; B t is the number of moles of N,0 at the beginning and B. that at the end. From this expression it can be calculated that a 0.1 per cent (1 g/kg) contamination by NO in a "400 gallon" cylinder of N,0 is reduced to "half value" after the evolution of 40 litres of gas, representing 2 per cent use. The concentration of NO in the effluent gas would have fallen from 3 to 1.5 per cent and would reach 0.75 per cent after the evolution of another 40 litres.
Similar calculations show that 90 per cent of the NO is removed after 130 litres of gas have been taken from the cylinder, representing only 7 per cent use and 99 per cent will have been removed after 250 litres of gas have been taken off. When the cylinder is "half empty" the residual NO amounts to no more than 7xlO-10 mole. These calculations are summarized in table I. It is seen how practically all NO contamination is released with the gas from the initial take-off. The risk of inhaling any NO contaminant is, therefore, maximal during the very early stages of a cylinder's use. A cylinder that is "quarter used" would give off gas virtually free of NO. In this context it is to be noted that some manufacturers of nitrous oxide for anaesthetic use deliberately "overfill" the cylinders and then allow 15 per cent by weight to "blow off" (Appendix II).
Conversely, it can be shown how the relative involatility of NO 3 (b.p. 21 °C) would cause this compound to concentrate in the cylinder so that only gas issuing from a very nearly empty cylinder would be appreciably contaminated.
It should be noted that, for both NO/N 3 O and N0 2 /N,0 mixtures, the fractionation is accentuated on lowering the temperature which happens during anaesthetic use.
Analytical procedures employed during the manufacture of nitrous oxide should, therefore, be adapted to take gaseous as well as liquid samples and be capable of detecting NO as well as NO 2 . Any method that relied only on liquid sampling or which was unsuited for detecting NO would leave large percentages of NO undetected.
Medical practice in the U.K. treats each cylinder as containing pure nitrous oxide and the cylinders are run from the initial opening until empty. It is said that in former times, anaesthetists would "blow off the brown gas" before starting to use a new cylinder of nitrous oxide. This could relate to contamination with nitric oxide which would fall to low values after venting, say, 150 litres. The brown cloud would be nitrogen dioxide formed by aerial oxidation of the vented nitric oxide.
CHEMICAL PROPERTIES OF NITRIC OXIDE AND "NITROGEN PEROXIDE"
Nitrous oxide is inert under conditions obtaining in anaesthesia, and chemical changes are confined to the contaminants. Nitric oxide (NO), b.p. -151.6°C, is a colourless gas, density 1.04 (relative to air) and only sparingly soluble in water or alkali with which there is no reaction at room temperature and pressure. It readily forms complexes with many metals and salts, the reversible reaction with ferrous sulphate to give the dark brown "Fe(N0)S0 4 " being well known as a method for detecting nitrites and nitrates. At ordinary temperature nitric oxide combines with molecular oxygen to form a red-brown gas (nitrogen dioxide -NO 2 ) at a rate dependent on the concentration of oxygen and the square of the concentration of nitric oxide. At very low concentrations the oxidation is slow, e.g. at 10 parts per million, 7 hours are required for 50 per cent oxidation. At 10,000 parts per million (1 per cent), however, 50 per cent oxidation is achieved in approximately 24 seconds (Magill, 1956; Rabson, Quilliam and Goldblatt, 1960) .
Further values are listed in table II. This is the basis of one method of estimation of NO (Kain et al., 1967) .
Nitrogen dioxide (NO t ), b.p. 21°C, is a redbrown gas which exhibits great reactivity. It combines with itself to form a colourless dimer, dinitrogen tetroxide.
via an easily reversible equilibrium ("nitrogen peroxide" is the name commonly used for this gaseous equilibrium mixture). In a mixture of NO 2 and N 2 O 4 at 25 °C the monomeric NO, is present to the extent of 25 per cent and at 37 °C NOj is present to the extent of 30 per cent. However, the proportion of monomer increases as the partial pressure is reduced, as for example when diluted by other gases (such as N 2 O). On cooling the gas condenses to an orange-red liquid, b.p. 21.15 °C. This colour becomes less intense as the liquid is further cooled when a colourless solid, m.p. 11.2°C, is formed. The rapidity of interconversion from monomer to dimer frequently makes it extremely difficult to ascertain which is the reacting species.
Nitrogen dioxide also reacts readily with nitric oxide to give dinitrogen trioxide in an easily reversible reaction, 
.(iv)
Nitrous acid is a fairly weak acid (K A = 6X 10 ~4) and is unstable in the un-ionized fonn. It is, however, extensively ionized in very dilute solution and together with the fully-ionized nitric acid accounts for the acidity of their aqueous solutions. Nitrous acid decomposes via the formation of dinitrogen trioxide (iii) into nitric oxide and nitrogen dioxide (ii) which dimerizes to dinitrogen tetroxide (i) which undergoes hydration (iv). The overall decomposition of nitrous acid may thus be represented:
3HO.NO;=i2NO + H 3 O + HO.NO, As these reactions are reversible, the interaction between N li O < and water may be represented by the following equation for the overall change:
These reactions come to equilibrium at room temperature when measurable quantities of the reactants are present (Yost and Russell, 1946) . It will be seen that, in the lungs of a patient, nitric oxide may be formed from nitrogen dioxide as well as nitrogen dioxide from nitric oxide. These interconversions must complicate any attempt to study the separate pharmacological effects of the two gases. Dinitrogen tetroxide and dinitrogen trioxide are each powerful nitrosating entities, replacing amino and hydroxylic hydrogens by the nitroso group (-N = O) with alacrity. The N-and Onitroso-compounds are themselves usually highly reactive compounds and rapidly undergo further changes (Austin, 1961) .
In a system containing the species NO 15 N 2 O 4 , N 2 O 3 , NO, HO.NO, ONO 2 -, ONO-, H+, H 2 O and O 2 , the problem of isolating and defining particular reactions is prodigiously difficult. But the task may be simplified by focusing attention on patterns of behaviour that characterize such systems, viz. (ii) the slow "regeneration" of NO from the decomposition of nitrous acid; (iii) changes in acidity attendant on the formation of nitric acid (and to a less extent, nitrous acid); (iv) the oxidative power of O 2 N.NOj and ON.NO 2 ; (v) the release of the biologically active nitrite ion; (vi) reaction with haemoglobin (Toothill, 1967) .
ADDENDUM
The sharp fractionation recorded in table I indicates the behaviour that could be expected of a cylinder contaminated with NO only. Should NO S also be present-signifying a more extensive breakdown in the purification of the nitrous oxide -a "holding back" effect on the NO would be expected by virtue of compound formation, N 2 O, (p. 348, eqn. ii). The release of NO would then be less sharp and extend over a greater period of cylinder use. For the same concentration of NO to be attained in the effluent gas, the combined NO and NO 2 contamination would have to be many times greater than the 0.1 per cent stated for NO alone in table I. Conversely, the presence of NO would "lift" NO 2 which would then appear in the effluent gas earlier than in the absence of NO.
Any imbalance in favour of NO of the 1:1 molar proportion necessary for formation of N 2 O 3 would result in a quick initial "blow off' of NO followed by a slower evolution of this gas.
The danger inherent in setting limits for the combined concentration of NO and NO 2 in any specification of purity is therefore apparent. The NO and NO 2 concentrations should be stated separately and, for each gas, there should be a set limit. This applies particularly to NO should it be in molar excess of NO 2 . Magill, P. (1956 
